Abstract The purifying tank containing Pontederia cordata was used to treat heavily polluted river water. The relationship between the diurnal variation of plant physiology and water quality was investigated. The study took place from 0800 to 1800 hours and in that period the physiological parameters of the plant and the water quality were analysed. Results indicated that the activity of peroxidase and catalase, the content of soluble protein and the rate of photosynthesis and transpiration were negatively correlated to the concentration of nitrogen and phosphorus in the river water, respectively. Higher sunlight intensity increased the activity of peroxidase and catalase, the content of soluble protein, rate of photosynthesis and transpiration. Sunlight also decreased the concentration of nitrogen and phosphorus, the cations (Al 3? , Fe 2? and Ca 2? ), the anions (Cl -, NO 3 -and SO 4 2-) and the oxidation-reduction potential and electrical conductivity of the river water. During the treatment from 0800 to 1800 hours, soluble protein content, photosynthesis rate of the plant and dissolved oxygen concentration of the river water showed a bimodal distribution, with peaks at 1200 and 1400 hours and a decrease at 1300 hours due to decrease in photosynthesis at midday. Peroxidase and catalase activity, soluble protein content, photosynthesis and transpiration rate were highest between 1000 and 1400 hours, while nitrogen and phosphorus concentration of the polluted water decreased significantly during this time. The correlation between plant physiology and water quality provided valuable data on the role of this plant in the ecological restoration of polluted water.
Introduction
Aquatic plants have been used to help treat wastewater since at least the start of this century. Macrophytes are effective in purification of surface water including municipal wastewater (Gérard et al. 2002; Jing et al. 2002; Joan et al. 2005) , agricultural non-point source pollution (Millhollon et al. 2009; Jan 2010) , and eutrophic water bodies (Christian et al. 2003; Soulwène et al. 2009; Cheng et al. 2011) . Macrophytes can uptake nitrogen (N) and phosphorus (P) from surface water (Tanner 2001; Lu and Huang 2010) , filter suspended particulate organic matter and increase the concentration by reducing flow velocity and then increasing water residence time. A study into a waste stabilisation pond system indicated that plant uptake of nitrogen is a major mechanism for nitrogen removal ). Submerged aquatic vegetation can take up nutrients from both the water column and sediments, and alter the oxygen concentration of the overlying water (Caffrey and Kemp 1991; Stewart 2002) . Other studies also show that various macrophytes are helpful to improve the quality of eutrophic lake water (Nabulo et al. 2008; Gao et al. 2009; Sangeeta and Savita 2009) . It has been demonstrated that various macrophytes, such as Phragmites, Typha, Acorus, Acorus tartarinowii, Canna indica, Lythrum salicaria are essential in improving the quality of polluted water Soulwène et al. 2009 ).
Macrophytes have been found to play an important role in the process of floating beds wastewater treatment. Floating beds form natural phytodepuration systems, and they are extensively constructed artificially for the purpose of treating domestic, agricultural, and industrial effluent (Mandi et al. 1996; Davies et al. 2005 ). An important part of the purification process is the oxidation of ammonium compounds to nitrite and nitrate (Kirk and Kronzucker 2005) . Since the efflux of oxygen from the plants roots promotes the growth of aerobic nitrifying bacteria (Jessica et al. 2006) , macrophytes promote nitrogen removal. The plant-periphyton complex also plays an important biofilter role in the absorption and retention of cations (Judith and Peddrick 2004) .
The physiological state of macrophytes has been found to be closely associated with water purification. Zhang et al. (2009) analysed the seasonal variation of the plant physiology, microbial community and water quality in the phytoremediation tank. The results indicated that the plant physiology was closely correlated to the microbial community and water purification in different seasons. It has been demonstrated that plant photosynthesis and transpiration affected nitrogen removal effect significantly in wetland (Luo et al. 2006) . It also has been demonstrated that the physiological state of macrophytes was significantly correlated to the water quality in the purifying tank under the conditions of continuous aeration (Lu and Huang 2010) . However, there are limited data on the relationship between the diurnal variation of the physiological state of macrophytes and water quality. These data could provide valuable information for using macrophytes in wastewater treatment and the ecological restoration of polluted aquatic environments.
Peroxidase (POD) and catalase (CAT) activity in macrophytes has been reported to be closely associated with stress tolerance (Li et al. 2000; Zaidi et al. 2005) . Soluble protein (SP) content is an important indicator of the physiological state of the plant, and the output of photosynthetic oxygen is directly associated with the degree of water purification (Kirk and Kronzucker 2005; Jessica et al. 2006) .
Pontederia cordata has ornamental value, along with good purification capacity, nevertheless is not yet extensively used in environmental practice. In this study, P. cordata was utilised in field treatments of seriously polluted river water. The objective of this study was to analyse the effects of the diurnal variation of the physiological state of P. cordata on the oxygen efflux from the plants roots and on water quality. Date and location of this research carried out throughout the study was 19 July 2008 and River Gongye in Shanghai China, respectively.
Materials and methods

River location and issues
The River Gongye is located in the Putuo District, Shanghai, China. The average depth and width of the river is approximately 2.0 and 6.0 m, respectively. The river bed is flat and the current is very slow. It is heavily polluted all year round, with pollutants (such as chemical oxygen demand, biochemical oxygen demand, total nitrogen and ammonia nitrogen) concentrations above national limits for irrigation water. The serious pollution occurred in the upstream of the river. Pollutants are mainly in the form of municipal sewage discharge, with some industrial effluent.
Device construction and plant cultivation
The apparatus ( Fig. 1 ) consisted of four purifying tanks (upper dimensions, 1,240 mm length 9 620 mm width; lower dimensions, 1,150 mm length 9 550 mm width; each of 760 mm in height) and one balance water tank (upper dimensions, 1,500 mm length 9 1,000 mm width; lower dimensions, 1,450 mm length 9 950 mm width; 600 mm height).
A tube on the balance water tank kept a constant water level of 60 cm and ensured that each purifying tank receive Fig. 1 Sketch of the purifying tanks: PK represented the purifying tank with P. cordata, CK represented the purifying tank without plant the same amount of water. Polluted water was pumped into the balance water tank from the river, through the tube and into the purifying tanks. A wire mesh of 0.2 mm pore diameter placed at the water outlet of the balance tank prevented suspended matter in the river water entering the purifying tanks. Each purifying tank was separated by a baffle through the centre with approximately 20 cm left at the bottom to avoid water circuit flow. Each purifying tank had a drain on the bottom to empty the sediment in the morning and evening. Continuous water flow was maintained in each purifying tank and the hydraulic retention time was 8 h.
Seedlings of P. cordata, 10 cm in height, were obtained from the Shanghai Zelong Biology Engineering Company. No other growth medium but the heavily polluted river water was used directly to culture the seedlings. The seedlings were water cultured in purifying tanks with a planting density of 13 per m 2 water area. To analyse the effect of the diurnal variation of the plant's physiology on water quality, an additional purifying tank was set up without plants to act as a control (CK).
During the cultivation of these plants from 26 February to 11 October 2008, no other medium but the river water was used directly. There were no human influencing factors and the plants showed natural growth. The test equipment was located in an open field. Sufficient river water was prepared for use before the first sample time of 0800 hours, to ensure consistent water quality.
Sample, analysis and sunlight intensity measurement On 19 July (sunny, temperature range 28-37.8°C), five healthy plants were randomly selected from each purifying tank at different times (0800, 1000, 1200, 1300, 1400, 1600, 1800 hours). Samples of healthy upper leaves and roots, 0.4 g each, were collected from each plant. Samples of leaves and roots, 5 each, were collected from each purifying tank according to different times.
Water samples were correspondingly collected from 0800 to 1800 hours from the four purifying tanks using polyethylene bottles. Three water samples were collected from each purifying tank at each sample time. These samples were analysed for their chemical and physical composition. The cations (Al 3? , Fe 2? , Ca 2? ), the anions (Cl -, NO 3 -, SO 4 2-) and the following parameters were analysed: chemical oxygen demand (COD), biochemical oxygen demand (BOD), total phosphorus (TP), dissolved phosphorus (P), total nitrogen (TN), ammonium nitrogen (NH 4 ? -N), temperature, pH, electrical conductivity (EC), oxidation-reduction potential (ORP) and dissolved oxygen (DO). The measurement of COD, BOD, TP, dissolved P, TN and NH 4 ? -N was performed using the method proposed by APHA (1998). The parameters of temperature, DO, EC and pH were measured on-site, while the parameters of COD, BOD, TP, dissolved P, TN, NH 4 ? -N, cations (Al 3? , Fe 2? , Ca 2? ), anions (Cl -, NO 3 -, SO 4 2-) and ORP were measured in the laboratory.
During sampling, the polyethylene sample bottles were rinsed in clear spring water several times and then rinsed with tank water, and filled to the top to minimise the inclusion of air (Larsen et al. 2001) . All glassware and polyethylene bottles were soaked in 20% HNO 3 for 24 h and rinsed several times with de-ionised water before use.
The ORP of the water was measured using an ORION 720A acidometer and conductivity measurements were carried out with a JENWAY 470 portable meter with temperature compensation. Measurement of pH values was performed using a JENWAY 370 hand held pH meter equipped with a combination glass electrode. The pre-measurement calibration was carried out using standard pH buffer solutions of pH 4.00 and 7.00, which was a KHC 8 H 4 O 4 solution and a solution containing Na 2 HPO 4 and KH 2 PO 4 , respectively. The oxygen efflux from the roots was indicated by DO values. DO at different sample times was determined separately using a WTW Oxi 3210 hand held DO-meter. During the treatment from 800 to 1800 hours, the diurnal variation of the photosynthesis of the plant correspondingly affected its oxygen secretion. The oxygen secretion of the roots was closely associated with the dissolved oxygen concentration of the water. Therefore, the variation of DO values at the day indicated the diurnal variation of both oxygen secretion of the roots and photosynthesis of the plant. The diurnal variation of the anions Cl -, NO 3 -and SO 4 2-was analysed using a Dionex Ion Chromatography 100 unit equipped with an AG4A-SC guard column, an AS4ASC separating column and a SSR1 anion self regeneration suppresser.
The samples were injected through a 25 ml sample loop and eluted at 2.0 ml per minute using 1.7 lmol NaHCO 3 and 1.8 lmol Na 2 CO 3 . The system was calibrated with a certified standard from Dionex. The concentration of Ca 2?
was measured by a Varian Flame Atomic Absorption 800 Spectrophotometer. The concentrations of cations were determined using a CS12 analytical column and CG12 guard column, using 20 lmol CH 4 SO 3 -. The concentration of bicarbonate was determined by titration with 0.01 M HCl using methyl orange as an indicator. Concentrations of Fe 2? and Al 3? were analysed using Graphite Furnace Atomic Absorption (GF-AA) using a Varian GTA 100 spectrophotometer, calibrated using the method of the standard addition. The standard solution of the anions, cations and blank samples were prepared at different concentrations. A quality control procedure, including recalibration of the instruments, triplicate sample analysis and recovery standard reference material was used to ensure maximum data quality (Momani 2006) .
All chemicals and reagents used in this study were of analytical grade unless otherwise stated. Ultra-pure de-ionised water (milli-Q at 18.2 ls/cm) was used for the dilution of stock solutions to prepare standard solutions. To prevent contamination of the sample with trace metals, all glassware, Pyrex and plastic containers were washed several times with soap, de-ionised water and treated with 0.01 M HNO 3 and finally rinsed with ultra-pure water.
Determination of photosynthetic (P n ) and transpiration rate (T r ), stomatal conductance (G s ) of the leaves and the light intensity at each sampling time were determined using a TPS-1 portable photosynthesis analyser (British PP-Systems Inc.).
Enzyme solution preparation, measurement of SP content and enzyme activity Samples of fresh roots and leaves, each of 0.4 g, were centrifuged at 13,000 r/min for 30 min in a freezing phosphate solution (pH 7.8, 4°C). The supernatant was collected for use. The soluble protein content of the leaf was determined by Coomassie Brilliant Blue (Wessel and Flügge 1984) . The standard curve was based on bovine serum albumin (BSA) in units of mg/g. A240 represented the absorbance value at the wavelength of 240 nm. CAT activity in the root was performed by UV-spectrometer analysis (Rao et al. 1996) , where a change of 0.1 A240 units represented one activity unit. The POD activity of the root was analysed with guaiacol (Lu and Huang 2010) . The light intensity change in 1 min represented the enzyme activity. A460 represented the absorbance value at the wavelength of 460 nm. A change of 0.1 A460 units represented one activity unit (U), measured in U/(g min).
Statistical analysis
The mean of each physiological parameter of five plants and each physical and chemical parameter of three water samples according to different times was calculated, respectively. Then, the mean of three replicates of each physiological parameter of the plant and each physical and chemical parameter of the water were calculated. The data analysis of the correlation coefficient between the physiological parameters of the plant and water quality was performed using bivariate of the SPSS 15.0 statistical software. -N (30.24 mg/L), total nitrogen (50.46 mg/L), dissolved phosphorus (0.144 mg/L), total phosphorus (0.236 mg/L), pH, 8.4. P. cordata developed well in the seriously polluted river water. The diurnal variation of the physiological characteristics of P. cordata was related to the diurnal variation of sunlight intensity (Tables 1, 2) .
Results and discussion
During low sunlight intensity, the following parameters were also lower than during high intensity: air temperature, POD and CAT activity and the SP content in the leaves. These parameters, along with P n and T r , were highest between 1000 and 1400 hours. SP content and P n showed a bimodal distribution, with peaks at 1200 and 1400 hours. However, excessively strong sunlight intensity and high temperatures decreased P n at 1300 hours, leading to a decreased SP content. Plant transpiration was highest at 1300 hours, which is when the plant absorbed the most soluble pollutants from the river water and showed the highest level of POD and CAT activity. The SP content was linked (the statistical correlation was 0.974) to the P n in the leaves, possibly because the concentration of biochemical enzymes that contribute to photosynthesis varies under different sunlight intensities.
Diurnal variation of the water quality in the purifying tank Zhang et al. (2009) have demonstrated that the heavily polluted water in Gongye river was relatively suitable for microbial degradation and decomposition. The diurnal variation of the water quality in the purifying tank was associated with the diurnal variation of sunlight intensity (Table 3; Figs. 2, 3, 4, 5) .
When the sunlight intensity changed from high [1,806 lmol/(m 2 s)] to low [687 lmol/(m 2 s)], q (DO) of the river water also decreased 0.21 mg/L. Other parameters decreased between 1000 and 1400 hours, including q (BOD 5 ), q (COD cr ), q (TP), q (dissolved P), q (TN), q ? -N and dissolved P decreased at 1300 hours, due to the greater T r when sunlight intensity was higher in the middle of the day. The concentration of NH 4
? -N was negatively correlated to the T r of the plant, consistent with a study by Luo et al. (2006) . The cation and anion concentration was negatively correlated to T r . Thus, the change in T r of the plant altered the concentration of cations and anions in the river water and hence its ORP and conductivity. The q (DO) showed a bimodal diurnal variation with peaks at 1200 and 1400 hours. The q (DO) at 1300 hours was lower than at 1200 and 1400 hours, due to the midday decrease of plant photosynthesis. The q (N and P) of river water were also higher at 1200 and 1400 hours than at 1300 hours (Figs. 2, 3, 4) , indicating that the diurnal variation of q (N and P) was mainly due to variation in T r , rather than the biochemical effect of microbes.
Diurnal fluctuation in the concentration of both N and P of the river water was determined by the physiological state of the plant and microbial degradation and decomposition. The diurnal fluctuation of q (N and P) was significant influenced by plant T r . Furthermore, phosphate is extremely reactive under oxidising conditions (i.e. between 1000 and 1400 hours), and interacts with many cations such as Al 2? , Fe 2? and Ca 2? ). The amount of inorganic phosphorous which is bonded to these cations depends on several chemical bonding processes, and adsorbed phosphorus may be released under anoxic conditions (for example, any time outside 1000 to 1400 hours).
The diurnal variation in P n and T r , which was positively correlated to water quality and the correlation was significant, was caused by the variation in sunlight intensity. In particular, POD and CAT activity in the roots, SP content, P n , T r in the leaves and the water q (DO) were positively correlated to each other, although negatively correlated to q (dissolved P) and q (NH 4 ? -N) of the river water (Table 4) .
The higher sunlight intensity increased leaf P n and SP content and root oxygen secretion, leading to an increase in q (DO). The mechanism of water q (DO) increase was reported by , who suggested that the oxygen secreted by Vallisneria increased water q (DO). The higher T r of the plant allowed the plant root zone to adsorb and absorb dissolved ionic contaminants from the river water such as NH 4
? , PO 4 3-and Ca 2? (Luo et al. 2006; Tanner 2001; . The higher T r also increased the amount of oxygen free radicals in plant cells, and therefore increased the activity of POD and CAT in the roots, nevertheless, decreased q (dissolved P), q (NH 4 ? -N) and the pH value of the river water. The decrease in pH values was in contrast to studies into Vallisneria , possibly because the absorption of CO 2 by Vallisneria increased the pH of the water, while the absorption of NH 4 ? -N by N. tetragona resulted in a decrease in water pH. In addition, the higher air temperature raised the water temperature, which also contributed to the increase of POD and CAT activity in the roots (Li et al. 2000) . Similarly, when sunlight intensity changed from high to low, physiological characteristics such as SP content, POD and CAT activity decreased. The higher light intensity between 1000 and 1400 hours increased water quality (Figs. 2, 3, 4, 5) . POD activity in the roots depended on the variation in water quality, consistent with a study by Li et al. (2007) . variation of P. cordata and water quality in various seasons. However, because there was no peak in sunlight intensity or air temperature as seen in the summer study, there was no corresponding midday decrease in P n in spring and autumn. The plant was in its final growth stage and its physiological activities decreased in autumn. In summer, however, the high sunlight intensity and air temperature, combined with the plants vigorous growth, led to a significant correlation between the diurnal physiological variation of P. cordata and water quality. With the seasonal change in weather conditions and plant growth, the link between physiological state of the plant and water quality was still existed, however, became less marked. In autumn, stress from the wastewater affected the plant more seriously than during its vigorous growth stage in summer. In summer, P n and T r of the plant were high and the oxygen secretion was obvious. The high T r contributed to the increase in water purification. This highlights the link between the seasonal change in climatic conditions, plant growth stages and water quality. In general, water quality depended on plant photosynthesis and transpiration and the biochemical functions of microbes. Usually, nitrifying bacteria, denitrifying bacteria, nitrite bacteria and fungi were unlikely to develop within a day, although some other bacterial species could react to a change in environment conditions, due to a shorter reproduction time. This indicated that transpiration had the greatest influence on the daily q (N) fluctuation and hence nitrogen removal. Photosynthesis variation affected the oxygen secretion of the plant roots, and the DO concentration was directly correlated to the growth of some bacterial species. Furthermore, water pollutants could be degraded and decomposed by bacteria in this study. Therefore, the diurnal variation in photosynthesis contributed to the daily fluctuation in BOD 5 and COD cr concentration (Fig. 5) . This means that whilst the diurnal variation of both photosynthesis and transpiration of the plant was closely associated with the variation of q (BOD 5 ) and q (COD cr ) of the river water, the variation of q (N) was mainly associated with variation in transpiration alone.
One of the results was that aquatic plants like P. cordata have a better purification effect under stronger sunlight conditions. This is useful in terms of locating plants during restoration of polluted water, for example away from the shadow of surrounding buildings.
Conclusion
Pontederia cordata developed well in the seriously polluted river water. Sunlight intensity variation caused a photosynthetic change in the plant. There were negative correlations between q (dissolved P) and q (NH 4 ? -N) of Table 4 Correlation coefficient between the physiological parameter of P. cordata and the concentration of dissolved oxygen (DO), ammonium nitrogen (NH the polluted water, root PODq and CAT activity, SP content and P n and T r in the leaves. These correlations were significant. SP content, P n and q (DO) of the polluted water showed a bimodal distribution, with peaks at 1200 and 1400 hours and a decrease at 1300 hours due to decrease in photosynthesis at midday. POD and CAT activity in the roots, SP content, P n and T r of the leaves and q (DO) of the polluted water between 1000 and 1400 hours were higher than at the other times at the day, while q (BOD 5 ), q (COD cr ), q (N and P), the cations Al 3? , Fe 2? , Ca 2? , the anions Cl -, NO 3 -, SO 4 2-, ORP and EC of the polluted water was lower during these hours than that at other times. It is useful in terms of locating aquatic plants like P. cordata during restoration of polluted water, for example away from the shadow of surrounding buildings.
